INTRODUCTION

4
The starting point of this work was to ask whether the GreA, GreB and DksA proteins, 81 similarly induced, also display antagonistic regulatory patterns for a large class of promoters 82 positively regulated by ppGpp. The existence of this class of promoters was initially inferred by 83 acquisition of multiple amino acid requirements that accompany a complete deficiency of 84 ppGpp (ppGpp 0 ) due to deletions of relA and spoT (53). Additional evidence came from studies 85 of the ppGpp dependence of individual amino acid biosynthetic promoters in vivo and in vitro 86 (5, 9, 12). The ppGpp 0 phenotype is easily scored by the failure of these strains to form colonies 87 on minimal media (M9 glucose) plates that lack amino acids. Inactivation of dksA in an 88 otherwise wild type ppGpp + host has a potentially similar phenotype for this class of promoters 89 because the specific amino acid requirements are a limited subset of those of ppGpp 0 strains (8, 90
34, 39). 91
The inability of ppGpp 0 strains to grow on M9 minimal medium has been used to 92 isolate spontaneous mutants that suppress the auxotrophic phenotype, the so called stringent or 93
M+ mutants (27, 54) . So far, these suppressors have been mapped exclusively within genes 94 coding for the RNA polymerase β, β' and σ subunits. The mutants are found in many structural 95 regions and their mechanism of action is unclear. There is a variety of evidence that ppGpp 96 interacts directly with RNA polymerase but no agreement as to the binding site (3, 32, 52). It is 97 nevertheless thought that these mutations induce conformational changes in RNA polymerase 98 that mimic the presence of ppGpp. For example, the M+ mutants down regulate ribosomal 99 promoters (9) , activate σ 54 dependent promoter (48), and up regulate several promoters for 100 amino acid synthesis (5). 101
We focus here on genetic and physiological approaches to assess co-variation of amino 102 acid auxotrophy displayed by ppGpp 0 and dksA mutants and the ability of secondary channel 103 proteins GreA, GreB, and DksA to suppress these regulatory defects. Since each of the factors 104 varied in these experiments has pleiotropic regulatory effects, the interpretations of the results 105 are highly qualified and probably mechanistically complex. We have therefore included limited 106 studies of a mutant with two conserved acidic residue substitutions in the coiled-coil region of 107
GreA, here termed GreA*, in order to help decide whether a particular regulatory activity is 108 due to the ability of this factor to relieve arrested elongating transcripts. An equivalent DksA* 109 mutant was also used since the same acidic residues have been implicated in its synergistic 110 effects on negative regulation by ppGpp (31). 111 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from ppGpp positive regulated processes, as reflected by altered growth and amino acid 113 requirements. One explanation among many is the possibility of direct competition between the 114 factors at the level of RNAP. Still, we also found instances of parallel regulation. This evidence 115 comes from systematic genetic approaches in vivo and transcriptional microarrays. We find that 116 when ppGpp is absent, regulation exerted by GreA, GreB and DksA is more evident. These 117 effects are even more dramatic when DksA and ppGpp are both removed. Our results indicate 118 that growth of Escherichia coli is the result of a complex interplay between these factors 119 120
MATERIALS AND METHODS 121 122
Growth Conditions All strains were grown in LB broth or synthetic M9 medium at 37 123 °C with appropriate antibiotic concentrations as follows: chloramphenicol, 20 μg/ml; 124 kanamycin, 40 μg/ml; tetracycline, 20 μg/ml; ampicillin, 100 μg/ml; spectinomycin, 50 μg/ml. 125 M9 medium was supplemented with thiamine (10 μg/ml ), FeSO 4 (0.5 μM) glucose 0.2% and 126 casamino acids (vitamin free) 0.2 % or single amino acids (100 μg/ml)when required. 127 We are aware that whenever cell growth is limited, a selection for suppression 128 mutations is evident. Therefore we have taken precautions to minimize these complications. 129
Frozen transductant stocks were prepared immediately after isolation; only fresh transformants 130 were used for each experiment; overnight liquid cultures were avoided and liquid growth was 131 initiated only from fresh plates, as described earlier for ppGpp 0 strains (34). In addition several 132 independent clones were systematically in most experiments. 133
Strains and Plasmids. The backgrounds, genotypes, and sources of the strains of E. 134 coli used in this study are listed in Table S1 (Supplemental Material). All strains used are 135 derivatives of MG1655. Mutant alleles were introduced into this background via standard P1 136 transduction (26) selecting transductants with the appropriate antibiotic resistance. 137
The vector control that we used was pHM1883 (35). The construction of the DksA 138 overproducer pHM1506 was described previously (35). To construct plasmids pHM1873 139 (GreA overproducer, Spc R ) and pHM1574 (GreB overproducer, Spc6 obtained by site directed mutagenesis of pHM1873 and pHM1506, repectively. Plasmid 143 pETMfd where the mfd gene expression is under the control of its native promoter was 144 described in (10). 145
To construct the transcriptional PgreA::lacZ, PgreB::lacZ, PdksA::lacZ, PgadA::lacZ 146 and PgadE::lacZ fusions, PCR amplifications of chromosomal DNA from the MG1655 strain 147
were carried out using pairs of primers greAUP/greADO, greBUP/greBDO, dksAUP/dksADO, 148 gadAUP/gadADO and gadEUP/gadEDO, respectively (Table S2 ). The PCR products were all 149 digested by EcoR1/BamH1 and cloned into pRS415 (43). The fusions were introduced into the 150 bacterial chromosome of strains CF7968 and CF12257 using the RS45 lambda phage and we 151 verified that the strains were monolysogen as described (36). 152 153 β-galactosiadase assays. These assays were performed as described (26) . 154
155
Microarray analysis. Strains were grown at 37°C in M9 minimal medium containing all the 156 required amino acids at 100 μg/ml (Σ set = DFHILQSTV), in the presence of IPTG at 0.1 mM 157 and spectinomycin at 15 μg/ml. At OD 600~ 0.2, 20 ml samples were taken and added to an 158 equal volume of ice-cold RNA-later reagent (Ambion). The samples were then processed, 159 hybridized with Affymetrix E. coli 2.0 arrays and analyzed as described in (33. We had made 160 the following direct comparisons in our analysis: ppGpp 0 
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GreA and DksA are functionally redundant in some instances of growth 176 regulation. As stated in the introduction, we were interested here in testing whether the 177 apparent antagonism between GreA/GreB and DksA at the ppGpp negatively regulated 178 ribosomal RNA promoters also occurs for expression of pathways for amino acid biosynthesis 179 which are positively controlled by ppGpp. 180
We first turned to DksA deficient strains because they were reported to be completely 181 or only partially auxotrophic for a set of amino acids that are similar to those required by 182 ppGpp 0 strain (8, 34, 39). We discovered that the absence of DksA in fact only severely 183 impaired growth on M9 glucose minimal medium plates (M9 minimal) and therefore the 184 mutant is a slow growing bradytroph instead of an auxotroph. The wild type strain formed 185 colonies after 24 hours at 37°C, while the dksA mutant formed small colonies after 72 hours 186 (Fig. S1 ). Addition of casamino acids (CAA) allowed the dksA mutant to form large colonies in 187 one day, but these were still smaller than the wild type as if growth is not solely determined by 188 amino acid availability. There were host dependent variations in the dksA strain due to 189 mutations whose functions are related to ppGpp metabolism. For example, RelA senses amino 190 acid deprivation and responds with ppGpp synthesis. A double deletion dksA relA improved 191 growth, shortening by half the time required to give equivalent colonies on M9 minimal plates. 192
A complete deficiency of ppGpp, achieved by deleting relA and spoT (ppGpp 0 dksA), gave 193 colonies on M9 CAA plates that were twice the size of those formed by ppGpp + strain. 194
Together, these observations suggest that ppGpp is detrimental for bacterial growth in the 195 absence of DksA. 196 The dksA mutant grew after three days at 37 o C on M9 minimal but surprisingly the greA 197 mutation completely abolished the growth of the dksA strain even for several more days 198
whether GreB was present or not (Table 1, GreA and DksA. IPTG induced GreA restored prototrophy only in the absence of DksA (Table  228 2, rows 2, 5, 6, 10, 14). Conversely, DksA overexpression conferred prototrophy to a ppGpp 0 229 strain only when the greA gene was inactivated ( The specific amino acids required by strains devoid of ppGpp and/or DksA can vary 238 depending on the genetic background (34). In the genetic background we used (CF15615), a 239 ppGpp 0 strain formed colonies on minimal plates supplemented with a minimum set of amino 240 acids (DQILVFHST), termed the Σ set. It should be mentioned that in this set, ILVFHST 241 without DQ is sufficient for growth in liquid media, but addition of DQ is necessary for plate 242 growth (34). The ppGpp 0 dksA mutant and dksA greB mutants formed colonies on M9 glucose 243 plates supplemented simply with DQ with or without the remaining Σ set (Table 2 , row 1, 5). 244
However, the single greA, single greB, the double dksA greA, and the triple dksA greA greB 245 mutants all remained auxotrophic (Table 2, rows 1, 5, 9, 13). The growth of strains in Table 2  246 that could not be rescued solely by DQ, was also not restored by adding any other single amino 247 acid from the Σ set (data not shown). 248
Next, we checked the effects of overproducing GreA, GreB and DksA in the 249 backgrounds described above. We found that both pGreA and pDksA were able to restore 250 growth on minimal plates supplemented with DQ for all the strains tested (Table 2 , rows 2, 4, 251 6, 8, 10, 12, 14, 16). The case of pDksA in ppGpp 0 strain was especially puzzling, since Table  252 2 row 5 showed that the removal of dksA had the same effect, i.e. allowed growth in the 253 presence of DQ only. Although there might be other explanations, this could imply that the 254 growth phenotype does not simply rely on the presence or absence of each factor but that 255 concentration can be crucial. Also, the data obtained with the pGreB plasmid seemed to 256 reinforce the idea of interactions between the factors, reminiscent to the special relationship 257 between GreA and DksA. This is because, in the presence of DQ, pGreB was able to rescue the 258 growth defect only in the absence of a chromosomal source of DskA, independent of whether 259 chromosomal wild type greA gene was present or not ( In order to differentiate if this property was involved in abolishing the amino acid requirements 268 studied here, we employed a plasmid overproducing GreA D41A E44Y (pGreA*, pHM1854), 269 the mutant version of GreA (31). 270
We found that GreA* did restore prototrophy on M9 minimal to the ppGpp 0 strain but 271 only in the absence of the chromosomal wild type dksA gene (Table 3 ). The latter observation 272 is of interest because it suggests that this pGreA* phenotype is recessive to a chromosomal 273 copy of dksA, not greA, which provides another indication of a special relationship between 274
GreA and DksA. Others have suggested from studies of the PfimB or PfliC promoters that the 275 absence of the highly abundant DksA protein facilitates the access of less abundant GreA to the 276 secondary channel, thereby potentiating the ability of GreA to rescue arrested RNA polymerase 277
(1, 2). This suggestion may well explain the need for a chromosomal dksA gene deletion to 278 confer ppGpp 0 prototrophy. However, it follows from the dispensability of the two conserved 279 acidic residues that complementation of ppGpp 0 auxotrophy is unlikely to be related to the 280 hydrolysis of backtracked RNA or to the release of paused or arrested RNAP. 281
We also examined effects of pDksA* (DksA D71N D74N, pHM1790) carrying 282 corresponding mutations in the acidic residues at the tip of the coiled coil. Although the role of 283 these residues is less well documented than for GreA*, it has been reported that this mutant is 284 defective in several DksA dependent aspects of transcription in vitro, although it is still able to 285 bind to RNAP (31). Table 3 reveals several interesting features of DksA*: 1) most importantly, 286 overexpression of the mutant protein was able to reverse the ppGpp 0 auxotrophy; 2) reversal 287 occurred only when the wild type chromosomal dksA was absent and then even without IPTG 288 induction; 3) reversal occurred despite the presence of a chromosomal wild type greA gene, 289 which was not true for pDksA (Table 2 , row 8 and 12). It thus appears that the D71N D74N 290 mutation abolishes or overrides the regulatory relationship of DksA and GreA described above. 291
We next wondered if GreA* and DksA* effects on ribosomal RNA promoters might 292 explain the complementation of ppGpp 0 dksA auxotrophy. This is relevant to ideas of 293 stimulation of amino acid synthesis by models involving indirect effects resulting from 294 inhibition of ribosomal promoters by ppGpp (see Discussion). We have previously shown 295 during growth in LB that the rrnBP1 promoter is activated two-fold by GreA overproduction 296 and repressed by DksA (35). For the experiment shown in Figure 1 , with cells grown in LB,pDksA* overproduction in both ppGpp + and ppGpp 0 strains activated the fusion instead of 298 inhibiting, and delayed the onset of rrnBP1 repression that normally occurs late in exponential 299 phase. Unlike complementation of ppGpp 0 strain auxotrophy, the effect of pDksA* on rrnBP1 300 occurred despite the presence of a wild type chromosomal dksA gene. Surprisingly, in dksA -301 background whether ppGpp was present or not, the lacZ fusion activity was slightly lower at 302 A600=3, late in growth. When the dksA gene was inactivated, the activity was almost the same 303 as the vector control. 304
In contrast, activation of the rrnBP1 promoter by GreA* induction differed depending 305 on ppGpp and growth phase. Promoter activity was the same in early stationary phase (OD 600 306 =2) in both ppGpp 0 and ppGpp + strains, but thereafter (OD 600 >3) activity became limited when 307 ppGpp was present ( Fig. 1 and data not shown). In the dksA mutant the rrnB P1 fusion activity 308 in presence of GreA* was the same as in the dksA + when ppGpp + was present, and slightly 309 higher than the vector control. On the other hand, in the ppGpp 0 dksA background, GreA* could 310 not stimulate the fusion any further than activity already obtained in the vector control strain. 311
In another attempt to distinguish if GreA and GreB mediated anti-pausing activity was 312 responsible for restoring prototrophy, we tested the effects of Mfd. This protein has been shown 313 to also relieve RNAP pauses, but by a mechanism unrelated to that of Gre factors (7, 41). It has 314 been also proposed that DksA* has similar effects on transcriptional elongation as the Gre 315 factors, and in doing so it rescues stalled replication forks in dksA -cells (49). We found that 316 overproduction of Mfd from a multicopy plasmid did not reverse the slow growth phenotype of 317 the dksA mutant strains on M9 glucose plates, nor did it restore growth of the ppGpp 0 dksA 318 strain on those plates (data not shown). Likewise, we also found that Mfd overproduction in 319 ppGpp 0 dksA + cells did not restore growth on minimal glucose plates whether supplemented 320 with DQ or not (data not shown). These results support the conclusion that restoration of the 321 prototrophy, in particular DQ auxotrophy, was not due to relief of transcriptional pauses. dksA pGreA; see Materials and Methods for details). The accepted significance level was set at 334 a 2.5 fold difference in each comparison. In order to ensure that accepted ratios were not based 335 on very low signal strengths (below 100), a proviso was added that one of the signals in a given 336 ratio had to be at least 250 units. 337
It would be expected from indications of competition from growth experiments above 338 that more genes would be affected by GreA or GreB overproduction in the absence of DksA 339 than in its presence. If there was no competition, the number of genes affected should be 340 similar regardless of the dksA allelic state. We found that when DksA was present, GreA 341 overproduction affected only 105 genes (45 activated, 60 inhibited), while GreB affected 13 342 genes (4 activated, 9 inhibited) ( Fig. 2A) , for a total of 115. In a ppGpp 0 dksA strain, a total of 343 501 genes were affected (Fig. 2B ). There were only a few instances where the same gene was 344 affected by GreA or GreB independent of dksA (Fig. 2 C) . Finding a nearly 5 to 1 ratio of genes 345 affected in the absence of DksA strongly suggested an overall competition or antagonism 346 between GreA/B and DksA. 347
In accordance with our earlier finding that GreA had a more potent effect on the growth 348 phenotypes than GreB, profiling revealed GreA overproduction affected a larger set of genes 349 than GreB, although there was a significant overlap. Specifically, in the dksA -background, 350
GreA up regulated 310 genes, while GreB activated only 125 (with 104 overlapping genes). A 351 similar disproportion was true for inhibitory effects: GreA down regulated 153 genes, while 352
GreB inhibited only 69 (with 51 overlapping genes) (Fig. 2 B) . (Fig. 2 D) . Among the ones that were up regulated, the major categories were amino acid 357 metabolism, carbon metabolism, transport, and motility. On the other hand, those that were 358 repressed also included amino acid and carbon metabolism, in addition to iron and nucleotideregulated by DksA in a ppGpp 0 strain. Profiling studies on the effects of dksA and ppGpp were 361 performed by others with similar results ((1); see Discussion). 362
When GreA was overexpressed in the dksA mutant, the major categories of the up 363 regulated genes in this large group included amino acid metabolism, motility, iron metabolism 364 and transport. Those that were down regulated included chaperones, ribosome/tRNA modifying 365 enzymes, transport and DNA repair (Fig. 2E) . In the case of overexpressed GreB, the most 366 activated genes again were those involved in amino acid metabolism, transport, carbon and iron 367 metabolism. The down regulated genes included chaperones, small RNAs, amino acid 368 metabolism and transport (Fig. 2F) . 369
In the ppGpp 0 dksA + strain, pGreA activated the genes in the carbon, amino acid 370 metabolism and motility categories. The down regulated genes were predominantly in the 371 amino acid metabolism group. 372 A particularly intriguing class was one whose genes were specifically affected in dksA -373 strain, but suppressed by overexpressed GreA and/or GreB (134 in total; Table S3 Overall, the microarray analysis revealed that the most dramatically affected of all genes were 385 gadA, B, C and E (Table S3 ). The gadE gene product is a luxR family transcriptional regulator 386 of the gadABC operon (18, 37, 42) . The gadA gene encodes glutamic acid decarboxylase; 387 gadE-gadABC regulation is induced by acid and salt shock and sensitive to RpoS, EvgAS and 388 H-NS regulons. Profiling revealed that gadA was activated by 90 fold and gadE was activated 389 by 40 fold in the ppGpp 0 dksA pGreA strain, compared to the vector control. We therefore 390 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from selected gadA and gadE for further study because this activation was predominantly achieved 391 by pGreA induction and especially evident in a dksA strain; GreB overexpression had minor 392 effects, as did the dksA gene deletion alone. Interestingly, these genes were also found to be 393 significantly down regulated in the ppGpp 0 strain compared to wild type (K.Potrykus and M. 394
Cashel unpublished results). 395 Therefore PgadA::lacZ and PgadE::lacZ transcriptional fusions were constructed and 396 their activities were surveyed for effects of the dksA gene deletion and IPTG induction of 397 pGreA and pGreB plasmids ( Figure 3A and B) . The data verifies transcriptional profiling 398 results with respect to dramatic activation of gadA and gadE by GreA in the absence of dksA, 399 and furthermore localizes the regulation to the complex promoter regions of these genes. 400
We also wanted to compare the effects of GreA, GreA*, DksA and DksA* proteins on 401 these fusion activities. However, we found that some of these strains grew very poorly in M9 402 glucose liquid media, even when supplemented with the Σ set, especially when GreA* and 403 DksA* protein overproduction was induced by IPTG addition (data not shown). We therefore 404 performed subsequent experiments in LB, where growth of all strains is robust. 405
Preliminary control experiments were done to ensure that our interpretations of reporter 406 activities were not complicated by known complexities affecting pgadA and pgadE promoters. was only a 2-3 fold activation, indicating that greB transcription was stimulated by ppGpp and 445 that this effect was largely due to DksA. 446
The activity of the PdksA::lacZ fusion ( Figure 4C ) during exponential growth was 447 increased by 2 fold by the dksA gene deletion, regardless of ppGpp; the greA or greB 448 mutations had no effect. In the early stationary phase, activities of all fusions were increased 449 2.5-4 fold relative to exponential phase, with exception of the ppGpp 0 greA mutant where there 450 was only a 2 fold increase. Still, the most predominant effect was observed in the dksA mutant 451 where the fusion activity was 5 fold increased in presence of ppGpp and 3 fold activated in a 452 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from ppGpp 0 background. This suggested that dksA is also subject to autorepression, also consistent 453 with recently published reports (11, 14) . 454
RpoS does not seem to be involved in stationary phase induction of these fusions. The 455 rpoS mutation had no effect on activities of the PgreA::lacZ or PdksA::lacZ fusions, while 456
PgreB::lacZ fusion activity was slightly decreased, but activation in the stationary phase 457 persisted (data not shown). Table 4 . On 494 minimal plates, none of the single deletions reversed prototrophy (Table 3 ). The double and 495 triple mutants had no effect, except for the weak M+ suppressors (class I), where the greA and 496 dksA gene deletions with or without greB deletion caused loss of the phenotype. This suggested 497 that class I required either GreA or DksA to grow on minimal plates, reminiscent of synthetic 498 lethality of wild type strains (Table 1) . 499
The growth test that defines class II mutants demonstrated similar results. Class I 500 mutants did not grow on SMG plates with any combination of deletions. Class II and III mutant 501 phenotype was reversed only by the simultaneous deletion of the greA and dksA genes, again 502 with or without GreB present. 503
Resistance to amino triazole showed a slightly different but more complex pattern. It is 504 true that deletion of greA and dksA with the greB deletion blocked AT growth of class III 505 mutants, but the difference is that greA dksA did not allow growth of rpoB T563P, whereas it 506 allowed growth of rpoB A532Δ. At this point we don't know how to explain this difference. 507
Overall, these comparisons suggest the hierarchal behavior of the M+ mutants is generally 508 preserved in respect to greA, greB and dksA deletions. Additional complexities within classes II 509 and III indicate that there might be different mechanisms to achieve the same result, i.e. Our studies with the conserved acidic residue mutants of GreA and DksA were 572 undertaken to provide clues to the wild type protein behavior. In the case of GreA*,complementation of amino acid requirements was the same as with wild type GreA, suggesting 574 that the ability of this factor to restore prototrophy is unrelated to its ability to rescue 575 backtracked transcriptional complexes. 576
We also found that, even moderate overproduction of DksA* (without IPTG induction) 577 was able to complement amino acid requirements in the absence, but not the presence, of a 578 chromosomal copy of wild type dksA, as if the wild type DksA was competing here with 579 DksA* for essential targets. This competition could be direct or indirect. For example, it is 580 possible that one of the targets could be the dksA promoter: DksA* would alter dksA 581 autorepression and in turn change the DksA protein levels in the cell in the way that affects 582 growth on minimal plates. On the other hand, DksA* action could rely on altering GreA 583 regulation. Since GreA is able to promote growth on minimal plates only in the absence of 584 dksA (Table 2) , DksA* overproduction would be futile here. 585
Previous assays with rrnBP1::lacZ fusions indicated that DksA inhibited this ribosomal 586 promoter, while GreA stimulated its activity at the level of transcription initiation (35). Here we 587
show with similar assays that DksA* lost the ability to inhibit ribosomal promoter activity. In 588 contrast the mutation in GreA* did not alter this protein's ability to activate the promoter. 589
However, in the dksA mutant GreA* could not activate the promoter, unlike wt GreA, 590 suggesting that GreA* activation was probably only based on its ability to exclude the 591 inhibitory DksA from binding to RNA polymerase. 592
As already mentioned above, these observations are of great interest because many 593 indirect mechanisms proposed for positive amino acid promoter regulation by ppGpp rely on 594 inhibition of ribosomal RNA transcription leading to either excess core RNA polymerase or 595 enhanced access of alternative sigma factors to core. The apparent positive regulation by 596 DksA* together with the lack of inhibition of ribosomal RNA synthesis and the activation of 597 both ribosomal promoter and suppression of auxotrophy by GreA* contradicts these models, 598
and favors more direct mechanisms. In the future, these in vivo results should be verified in 599 vitro, to demonstrate the direct activation by DksA* and GreA* of the amino acid promoters, as 600 has been already done with wild type DksA (30).. 601 Also, there have been reports of involvement of DksA, GreA, Mfd and ppGpp in 602 clearing the stalled arrays of backed-up RNAP complexes that would otherwise prevent 603 replication fork progression. This phenomenon is evident in cells subject to DNA damage andstrains used here are wild type for these pathways, then this phenomenon is unlikely to explain 606 the growth defects we observe. 607
Recently, it has been suggested that ppGpp + dksA amino acid requirements are a 608 consequence of replication fork collapse (49). This potentially could affect our interpretations. 609
However, it is easily understood how replication fork collapse could impair growth, but not 610 how it could result in specific amino acid requirements or specific changes in metabolism noted 611 for dksA mutants. 612
Studies of the effects of greA, greB and dksA deletions on the RNA polymerase M+ 613 mutants also reveal perturbation of growth phenotypes. One way of thinking about the M+ 614 mutants is that the RNAP is locked in the conformation that mimics the presence of ppGpp. 615
These can represent polymerases that are more sensitive than normal to ppGpp or that bypass 616 the need for ppGpp (17). Nevertheless, deletion of both greA and dksA resulted in loss of the 617 M+ class defining phenotype, with few exceptions (Table 4) were not measured directly in that study, it was noted that a subset of 39 genes whose 655 expression was altered in the DksA deficient strain (311 in total) were the same as those 656 identified previously as differentially regulated by ovexpression of GreA in an otherwise wild 657 type background (46). Aberg et al. (1) had also directly verified this relationship for the fliC 658 gene. Moreover, their earlier study had explored the difference between in vitro and in vivo 659 regulation of the fimB promoter, and they found that GreA and GreB were able to stimulate 660 transcription from this promoter only in the absence of DksA (2). This comprises direct 661 evidence for antagonism of DksA and Gre factors at a promoter that is quite distinct from 662 rrnBP1 (35). Overall, although our growth conditions differ from those of (1), both studies 663 strongly support the hypothesis that DksA and Gre factors compete directly or indirectly for the 664 interactions with RNAP. Yet, it has been published that GreA, GreB and DksA levels remain 665 remarkably constant throughout all phases of growth (38). We would like to argue that constantlevels of these proteins are achieved through mutual regulatory effects of one factor on another, 667 and their mutual regulation serves to maintain the balance in the cell. Also, these interactions 668 can be complex because they could involve passive or active binding to RNAP and also 669 possibly displacing previously bound factor. Individual promoter structures, sigma factors, 670 DNA recognition proteins, growth conditions add to this complexity. Remarkably, this was 671 imagined nearly 20 years ago when multicopy GreA was found to suppress the temperature 672 sensitivity of a RNAP mutant, alter phage lambda antitermination and rho termination. "This 673 alteration, we imagine, might make this site on polymerase receptive to some factors but 674 
